This study describes an MS-based analysis method for monitoring changes in polymer composition during the polyaddition polymerization reaction of toluene diisocyanate (TDI) and ethylene glycol (EG). The polymerization was monitored as a function of reaction time using matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI TOF MS). The resulting series of polymer adducts terminated with various end-functional groups were precisely identified and the relative compositions of those series were estimated. A new MALDI MS data interpretation method was developed, consisting of a peak-resolving algorithm for overlapping peaks in MALDI MS spectra, a retrosynthetic analysis for the generation of reduced unit mass peaks, and a Gaussian fit-based selection of the most prominent polymer series among the reconstructed unit mass peaks. This method of data interpretation avoids errors originating from side reactions due to the presence of trace water in the reaction mixture or MALDI analysis. Quantitative changes in the relative compositions of the resulting polymer products were monitored as a function of reaction time. These results demonstrate that the mass data interpretation method described herein can be a powerful tool for estimating quantitative changes in the compositions of polymer products arising during a polymerization reaction.
Introduction
Matrix-assisted laser desorption/ionization mass spectrometry (MALDI MS) is a powerful spectroscopic tool employing a relatively soft ionization technique. The high mass resolution, high sensitivity, and simple sample preparation [1] [2] [3] [4] inherent to MALDI MS, have provided, over the course of several decades, detailed analyses of thousands of complex polymer compositions, particularly when combined with nuclear magnetic resonance (NMR) spectroscopy and infrared (IR) spectroscopy. [5] [6] [7] Such non-mass spectrometric methods primarily provide average compositional information. In contrast, MS methods can provide precise information at the molecular level, including compositional changes in polymer products or changes in the molecular weight distribution of separate polymer series. MALDI time-of-flight (TOF) MS can provide information about the molecular weight distribution of complex synthetic polymer adducts such as polystyrene, poly(ethylene glycol), poly(propylene glycol), and poly(methyl methacrylate) through oligomer-resolvable mass accuracy. [8] [9] [10] Thus, MALDI MS has become a central technique for qualitatively identifying the chemical composition and terminal functional groups of polymer adducts. Although the usefulness of MALDI MS has been repeatedly demonstrated in polymer analyses, it is primarily applied to qualitative analyses of polymer fragment composition. Such fragments are typically prepared by the hydrolysis of highmolecular-weight polymer products after completion of the polymerization reaction. 11, 12 While mass spectrometry (MS) is commonly used to qualitatively characterize the products of the oligomeric hydrolysis of polymers, its use in analyses of polymer composition resulting from the progress of a polymerization reaction is relatively rare. Few reports have detailed the MS-based dynamic monitoring of a polymerization reaction during initialization or propagation. 13, 14 Toluene diisocyanate (TDI) is an important monomer used in the production of diisocyanate-based polyurethane resins. 6, 15, 16 TDI prepolymers are often used as cross-linkers with a variety of polyol compounds, including ethylene glycol (EG), and can greatly influence the physical properties of the resulting diisocyanate-based polyurethane resins. Such resins are widely used in industrial coatings and paints. 17, 18 The physical and mechanical characteristics of a polyurethane resin are strongly influenced by the compositional features of the prepolymers added during polymerization. Therefore, the polyaddition reaction between TDI monomers and polyol molecules must be finely controlled. The development of a practical spectroscopic tool for the precise monitoring of the polymerization reaction of TDI monomers with polyols is necessary for the preparation of prepolymer materials with specific characteristics.
Recently, we reported that dynamic events occurring during TDI polymerization in aqueous conditions could be monitored in a time-dependent fashion at the molecular level using MALDI TOF MS. The resulting spectra reflect changes in the reaction mixture, including compositional changes between polymer adducts and the molecular weight distribution of each polymer adduct series. 13 This MALDI MS-based approach is a simple and fast method that enables the analysis of molecular-level events as the polymerization reaction progresses. Here, we introduce a mass data interpretation method that can be used to estimate the relative changes in the compositions of multiple polymer adduct series being produced during the TDI-EG polymerization reaction.
Experimental

TDI polymerization and sampling for MALDI MS
The polymerization of TDI with EG was conducted at a typical TDI/EG ratio of 1:1. The polymerization reaction mixture was vigorously vortexed during initialization and then incubated at room temperature. After 5, 15, 30, and 60 min, an aliquot of the reaction solution was extracted with a pipette and quenched with an aqueous matrix solution of cyano-4-hydroxycinnamic acid (CHCA). The aqueous CHCA matrix was pre-prepared separately for MALDI MS analyses by adding CHCA (10 mg) to a solution of 70% acetonitrile containing 0.1% trifluoroacetic acid and diluting eightfold. The quenched sample was spotted onto a stainless-steel MALDI plate, and after standing for 30 min, dried under reduced pressure.
MALDI TOF MS
Mass spectra were acquired in positive-ion mode using an UltrafleXtreme MALDI TOF MS (Bruker Daltonics, Bremen, Germany). MS data were acquired from m/z 200 to 4000 by averaging three data sets of signals accumulated by 500 consecutive laser shots at a frequency of 1000 Hz. External calibration was conducted prior to data acquisition. The detected mass list was extracted using FlexAnalysis software (Bruker Daltonics).
Results and Discussion
MALDI mass analysis of TDI-EG polymerization
A schematic illustration of the TDI-EG polymerization reaction is shown in Fig. 1 . The N-C-O group on a TDI molecule is converted to a carbamate group following the addition of a hydroxyl group on an EG molecule. The resulting TDI-EG polymer propagates via subsequent contact with an isocyanate group on a new TDI molecule or a hydroxyl group on a new EG molecule. At any time during the polymerization process, the resulting polymer adducts can theoretically consist of three major types of component polymer series (PS1 -PS3), terminated with diisocyanate groups (PS1), monoisocyanate and monohydroxyl groups (PS2), and dihydroxyl groups (PS3), which are categorized in the Product subset in Fig. 1 .
In this study, the TDI-EG polymerization was monitored by MALDI MS as a function of reaction time. An aliquot of the polymerization reaction mixture was collected after a defined reaction time and quenched with an aqueous matrix solution of CHCA. The polymerization sample was then spotted onto a stainless-steel plate for MALDI MS analysis. During this quenching process, the TDI-EG polymer series terminating with an isocyanate group were converted to the corresponding polymer series containing an amino group (PS4 -PS6), as illustrated within Group 1 in Fig. 1 . In addition, some of the free TDI molecules can be hydrolyzed by water in the matrix solution to obtain an amino group. These amino-functionalized TDI molecules can be coupled with new TDI molecules to yield urea-type adducts (PS7 -PS9) as shown in Group 2 in Fig. 1 . This urea-type polymerization of TDI in aqueous solution was investigated using MALDI MS in a previous study. 13 The ureatype polymer adducts can be further converted to polymer series PS10 -PS12 by reacting with free EG in the reaction mixture, as shown in Group 3 in Fig. 1 . Alternatively, a variety of mixed component polymer series (PS13 -PS21) coupled between TDI-EG urethane polymer chains and TDI urea chains may also be observed in MALDI MS spectra obtained during TDI-EG polymerization, as illustrated in Groups 4 and 5 in Fig. 1 .
Finally, various side polymer adduct series can result from the presence of trace amounts of water in the EG reactant or from the aqueous quenching process used during MALDI sample preparation. A suitable MALDI MS data interpretation method must consider these by-product adducts to correctly represent the polymerization of TDI and EG. Figure 2 shows MALDI mass spectra obtained from timedependent mass analyses of the TDI-EG polymerization mixture at a TDI:EG ratio of 1:1. Assignment of the observed peaks was conducted by matching the mass value of each detected peak with a theoretical mass value obtained from a database of the component polymer series (PS1 -PS21) expected from the TDI-EG polymerization reaction. The theoretical mass values of the expected component polymer series are summarized in Table S1 (Supporting Information).
MALDI MS spectra during TDI-EG polymerization
The polymer series expected from the TDI-EG polymerization were detected as Na + and K + adduct ions in the MALDI mass spectra and are summarized in Table S1 with the observed peak intensities. The Na + and K + adduct peaks of each polymer series were assigned as a function of time and are indicated in the MALDI spectra in Fig. 2 . Many of the major peaks assigned to different polymer adduct series overlapped at a unique mass value. Polymer series PS3, PS4, and PS6 were observed as major peaks. Among them, PS4 and PS6 were terminated with amino groups and correspond to the hydrolyzed forms of PS2 and PS1, respectively, which are terminated with NCO groups. Polymer series PS12, PS13, and PS21 were also detected as major peaks. The polyurea-type polymer series PS12 originated from the reaction of TDI and water and is terminated by free EG molecules. Polymer series PS13 and PS21 were produced from the coupling of TDI-EG polyurethane-type chains with the polyurea-type chains of TDI.
To correctly monitor the time-dependent changes in the composition of TDI-EG polymer series PS3, PS4, and PS6, other TDI-EG polymer series incorporating polyurea-type chains (PS12, PS13, and PS21) must also be considered. Figure 2 shows that most of the major MALDI mass signals could be assigned to more than one polymer series. Determining the relative contribution of each polymer series is necessary to monitor changes in peak patterns and to quantitatively estimate the relative fractions of the resulting polymer series.
Determining the relative contributions of polymer series in overlapping MS peaks
Mass peaks that were detected by MALDI MS but concurrently assigned to different polymer series were resolved to determine the relative contribution of each of the assigned series using an algorithm in Origin software. Various mathematical functions can be used to describe a molecular weight distribution of synthetic polymers. 19 The molecular weight distribution of synthetic polymers in MALDI MS can be described approximately by Gaussian distributions in their mass-to-charge ratios. [20] [21] [22] [23] [24] [25] Because MALDI spectra of polyaddition adducts generally show approximate Gaussian distributions as shown in Fig. 2 , the curve fitting method using Origin software was applied to the mass peak patterns obtained from each polymer series. Finally, MALDI mass peaks were fitted with multiple approximate Gaussian profiles, each corresponding to one of the co-assigned series. Example data are shown in Fig. 3 , with an equation of each approximate Gaussian profile and the fitting results given in Table S2 (Supporting Information). Since nearly identical peak patterns were observed for Na + and K + adduct peaks, only the Na + adduct peaks were considered during data interpretation. Figure 3 shows mass data of overlapped polymer series obtained by MALDI MS analysis of a sample prepared after 15 min of TDI-EG polymerization. The peak at m/z 617.23 assigned concurrently to polymer series PS6 and PS12 was deconvolved to give two resolved unit mass peak series. Finally, a total of 12 unit mass peaks series were deconvolved from the MALDI MS spectrum after 15 min of TDI-EG polymerization using the Gaussian fitting algorithm in Origin (Table S2) .
Reconstruction of mass peak series using the resolved unit peak series
Among the fully resolved 12 unit mass peak series generated from the MALDI MS spectrum after 15 min of TDI-EG polymerization, the unit peak series PS13 and PS21 containing urea-type chains due to side reaction and showing significantly high peak intensity were further considered separately. For example, three unit mass peak series corresponding component polymer series PS13 were extracted as shown in Fig. 4 . Component PS13 was likely produced by a coupling of an original TDI-EG polymer series with a polyurea-type chain produced during sample preparation. A retrosynthetic analysis of PS13 is shown in Fig. 4 . The three unit peak series of PS13 can be reduced to TDI-EG series by subtracting the polyureatype components of PS13 following the possible pathway A -D. Therefore, all of the mass data of the three fully resolved unit peak series for PS13 were first combined to get a resolved unit mass peak list of PS13 (Fig. S1, Supporting Information) . Next, all of the mass values in the mass peak list were subtracted with the mass values corresponding to the side reaction products in each pathway, yielding a reduced mass peak series corresponding to a reduced TDI-EG moiety (r-PSi). Finally, the reduced TDI-EG peak series generated in a pathway (r-PSi) were combined with the fully resolved unit mass peak series corresponding to the polymer series (PSi) to give a combined mass peak series, PS4 -PS6 (Fig. 4) . These combined mass peak series were then fitted with Gaussian profiles. The combined mass peak series for PS4 showing the best Gaussian fit was selected as the reconstructed polymer series PS4 compensated by the component polymer series PS13. The polymer series PS4 corresponds to the hydrolyzed form of PS2 terminated with an NCO group. Fig. 3 Resolution of a MALDI MS mass peak assigned to multiple polymer series. Data were acquired after a reaction time of 15 min. The mass peak at m/z 617.23 was assigned to polymer series PS6 and PS12 with a peak intensity of 75051 (indicated by "overlapped"). The single peak was resolved into each contributing unit mass peak series belonging to PS6 and PS12 by curve fitting. The curve equation of each resolved Gaussian profile was also denoted. The intensities of each resolved unit mass peak series PS6 and PS12 were estimated as 30020 and 45030, respectively, at m/z 617.23 (indicated by "resolved").
Alternatively, unit peak series corresponding to the component polymer series PS21 were also generated from resolving overlapping MALDI mass peaks. These unit peak series containing urea-type chains were also reduced using the same retrosynthetic analysis method described above for PS13 (Fig. S2, Supporting Information) . In this case, the reconstructed polymer series PS3 compensated with the reduced mass peak series of PS21 yielded the best Gaussian fit.
Dynamic monitoring of TDI-EG polymerization
The reconstructed mass peak series corresponding to each component TDI-EG polymer series PS1 -PS3 were obtained through the mass data interpretation for MALDI MS spectrum at each reaction time (5, 15, 30 , and 60 min) of TDI-EG polymerization, and displayed in Fig. 5 . At 5 min of the polymerization reaction, the polymer series PS1 showed the most intense peak series. However, after 15 min of the reaction, polymer series PS2 became the most intense peak series. This Fig. 4 Reconstruction of mass peak series for PS4 using retrosynthetic analysis and Gaussian fitting. Using a retrosynthetic analysis against the mass peak list consisting of the fully resolved unit mass peak series corresponding to the component polymer series PS13, four reduced TDI-EG polymer mass peak series (r-PSi) were generated following Pathways A -D. Next, each of the four reduced series (r-PSi) was combined with the corresponding fully resolved unit mass peak series. Finally, the combined mass peak series for PS4, which showed the best Gaussian fit, was selected as the reconstructed mass peak series of PS4. The curve equation of the reconstructed PS4 was also denoted. Note that polymer series PS4 is the hydrolyzed form of polymer series PS2.
means the major composition changed as the polymerization reaction progressed. We also examined the reconstructed mass peak series of each polymer series PSi following the laps of reaction time (Fig. S3, Supporting Information) . The changes of molecular weight distribution of polymer adducts in a polymer series were not significant. The increase in the molecular weight of polymer adducts with the progress of the reaction could not be monitored by the MALDI mass analysis, which may be attributed to the limitations of the MALDI MS technique in polymer analysis, because MALDI MS can sensitively analyze only polymer adducts belonging to the ranges of small molecular weight (few hundreds to thousands).
Next, the relative fractions of each of the polymer series (XPS1, XPS2, and XPS3) at a reaction time were calculated using the peak intensities assigned to the reconstructed mass peak series of PS1, PS2, and PS3, as shown in Fig. 5 . The relative compositional fraction (XPSi) of a given polymer series PSi at a given reaction time was calculated based on the following equation: in which MPSi is each mass value of PSi and IPSi means the peak intensity at the mass value.
The relative compositional fractions (XPSi) of each polymer series PSi at a 1:1 reaction ratio are summarized in Table 1 . Figure 6 shows the quantitative changes in the composition of each polymer series as a function of reaction time using the calculated data from Table 1 . The relative compositions of the three polymer series varied dramatically with reaction time. The proportions of PS1, a major component initially, rapidly decreased to a steady state, while PS2 first increased rapidly and then decreased steadily. The proportions of PS3 increased steadily with reaction time. The proportions of the two series, PS1 and PS3, reached comparable levels (XPS1 = 0.25 and XPS3 = 0.28) after 60 min, while PS2 remained at a relatively high level (XPS2 = 0.47). These results mean that the composition of polymer series reached the equilibrium state after 30 min of the reaction. The present study shows that MALDI MS can be a powerful tool for monitoring time-dependent changes in polymer composition as a function of polymerization time as well as identifying the structural characteristics of polymer adduct series at the molecular level.
Conclusions
Dynamic events occurring during the polymerization of TDI with EG were precisely monitored using MALDI TOF MS. MALDI MS was used to identify the molecular weight distribution and end-functional groups of the resulting polymer adducts. A MALDI MS data interpretation method was suggested as a means of monitoring quantitative changes in polymer composition as a function of polymerization time. This data interpretation method accounts for interference from side reactions between water molecules or polyol reagents and consists of the following processes: deconvolution of overlapping mass peaks in MALDI MS spectra, the generation of reduced unit mass peak series corresponding to TDI-EG polymers using a retrosynthetic analysis, Gaussian fitting of the combination of each mass peak series with the corresponding reduced unit mass peak series, and selection of the reconstructed mass peak series showing the best Gaussian fit. This analysis method was shown to be a powerful tool for not only monitoring molecular-level events during TDI-EG polymerization but also for estimating quantitative changes in the polymer composition of the resulting TDI-EG polymerization products. This method is applicable to real-time monitoring of polymerization reactions, thereby allowing precise control of the physical and chemical characteristics of various synthetic polymers.
